*P NMR studies of 140 base pair DNA fragments in nucleosomes and free in solution show no detectable change in the internucleotide 31p chemical shift or linewldth when DNA is packaged into nucleosomes. Measurements of 31p spin-lattice relaxation times T, and 31p-£jiJ nuclear Overhauser enhancements revealed internal motion with a correlation time of about 4 x 10-10 sec in double helical DNA, both free in solution and bound to nucleosomal core proteins. This result implies greater dynamic mobility in double helical DNA than has previously been supposed.
INTRODUCTION
Recently, 31p NMK has been used to probe the conformational state of the phosphodiester backbone of 140 base pair segments of DNA, both free in solution 1 2 and coiled (or kinked) into a nucleosome core particle ' . Previous studies have shown that the greatest degree of flexibility in DNA resides in the .We have found clear evidence from measurement of the T^ relaxation times and ^ip-fHj nuclear Overhauser enhancements (NOE) that internal motion which is sufficient to dominate the P nuclear relaxation rate occurs on a time scale between 10"9 and 10"*" sec in DNA and nucleosome core particles. Internal motion of approximately 10"° sec has been shown to dominate the nuclear relaxation processes of single stranded poly A , but the more rigid character of double helical DNA did not lead us to expect the same phenomenon in this case. Speculation on the origin of this internal motion is presented. Longitudinal relaxation times T were determined by the progressive 19 saturation method using delay times in the ratio of 1:4. Nucleosome T. 20 values were also obtained by the inversion recovery method with nearly identical results. The P-KUt nuclear Overhauser enhancement was determined as described elsewhere RESULTS AND DISCUSSION Conformations1 Studies. P NMR spectra for nucleosomes and nucleosomal DNA are shown in Figures la and b, respectively. It is evident that only one peak is present in each spectrum, corresponding to the DNA phosphodiester linkage with a chemical shift of -1.85 ppm and a linewidth of approximately 35 HE (Table I) . Signal-to-noise ratios of up to 58:1 have been observed for the nucleosome resonance, so that regular kinks every 10 base pairs would be apparent if they were accompanied by a substantial change in the phosphodiester dihedral angles which was reflected in the p chemical shift. Several nucleosome preparations gave identical results.
MATERIALS AND METHODS
We have also attempted to use trivalent lanthanide cations as NMR shift probes, based on the possibility that the binding constant to "kinked" sites may be different from that of unperturbed phosphates in nucleosomes. 3+ 3+ Previous proton NMR studies have shown that ions such as Pr and Eu , which have very short electron relaxation times, give rise to large shift perturbations with little line broadening when bound to the phosphates of 22 23 nucleotides ' . EuCl, was found to precipitate nucleosomes even at extremely low concentrations, but we were able to measure spectra in the presence of PrCl,. 10 u-1 samples of 400 mM PrCl, were added to 1.2 ml of nucleosomes, 20.5 mM in phosphate, in 10 mM Tris-5 mM Na.EDTA, pH 7.6. We 3+ L found that Pr could be added up to 21 mM in excess of the EDTA which the solution contained before precipitation occurred. However, the phosphorous signal-to-noise ratio was significantly reduced upon each addition of an aliquot of the praseodymium solution suggesting the formation of large nucleosome aggregates. Prior to large scale precipitation, no chemically shifted resonance of the internucleotidal phosphate was observed. Proton decoupled '*p NMR spectra of (a) nucleosomes containing 4 mg DNA/ml in 10 mM Tris-5 mM Na 2 EDTA-98% D 2 0, pH -7.6. 800 transients were collected with a delay time of 5.6 sec and convoluted by an exponential function equivalent to 3 Hz line broadening (b) 140 base pair DMA, 4 mg DNA/ml in 10 mM Tris-5 mM Na 2 EDTA, pH -7.6. 600 transients were collected with a delay time of 5.6 sec and convoluted by an exponential function equivalent to 3 Hz line broadening. All spectra were recorded at 281°K. Our earlier studies on P relaxation in oligonucleotides could be successfully interpreted by using a model in which the P nuclei are dipolar coupled to three equidistant protons (two on the 5'C and one on the 3'C), o 27 with an average r = 2,8 A . Assuming the same model for nucleosomes, -7 a molecule with T R -3 x 10 sec should exhibit a Tj^ value of 68 sec, and should show no observable NOE. Instead, as shown in Table I (Table I) , but the NOE remained constant, eliminating 31 solvent exchange as a significant contributor to the P relaxation rate.
The presence of a large NOE implies a mode of relaxation which is primarily dipolar, mediated by a correlation time which approaches the Larmor precession frequency for P. We have analyzed this problem using the model considered earlier for internal motion in oligonucleotides , in which the nucleotide chain rotates about the 0-P and P-0 bonds with a correlation time T_, while the whole molecule rotates isotropically with an overall correlation was used to calculate T. .
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The angle between the axis of internal rotation and the P-H vector required in this equation was estimated at 60° from NMR and x-ray crystallographic data 12 24 for dinucleotide geometry . Equation 39 from Doddrell e_t a_l. was used to
calculate NOE values.
The results of this calculation are summarized in Figures 2 and 3, which show respectively the NOE and T. relaxation time as functions of T,, at sev- The Nature of Internal Motion in Double Stranded Nucleic Acids.
Clearly the most surprising feature of our results is the conclusion that 31 internal motion very similar to that found by P NMR in single stranded poly A also Is present in double helical DHA, either free in solution or packaged in nucleosomes. The existence of this motion in double helices makes it evident that the molecular model we used to interpret the results (taken from our work on oligonucleotides ) is unrealistic, because rigid double helices cannot possibly permit free rotation about the O-P and P-0 bonds.
However, we can conclude in general terms that there must be some mode of internal motion which permits substantial movement of protons that lie close to the internucleotide phosphate (H3 1 and H5 1 and probably H2'), on a time scale near the P larmor frequency. Furthermore, because the nuclear relaxation rate depends on the mean square fluctuations In the local magnetic field, the proton motions responsible for relaxation must be comparable in scale to the motion provided by free rotation, or else the protons must be substantially closer to P than our model calculation assumed. For example, oscillation of a bond angle through + 15° around a single dihedral angle energy iMirtimnn would not yield the observed relaxation rate, assuming a 2.8 o A proton-phosphorous distance.
At this time we are not able to provide a definitive model to explain the results. One intriguing possibility is the motion suggested to explain the observed formation of short wobble pairs (U-U and U*C) in tRNA-tRNA com-29 plexes.
In this model the C4'-C5' and P-05' are simultaneously rotated from their respective normal double helix geometry (gauche , gauche ) toward (gauche* .gauche ) resulting in a substantial motion of the H5' protons relative to the P atom. This motion produces a slight lateral shifting of the base perpendicular to the helix axis, and would have to be accompanied by some accommodating movement of the complementary nucleotide on the other strand. In general, the problem in devising appropriate models is to find motions which can be accomplished within the relatively rigid geometrical restrictions of the double helix.
CONCLPSIONS
There are two possible reasons for the failure of P NMR studies to detect sites of kinking of DNA in nucleosomes: (1) Kinking of DNA does not alter the phosphodiester geometry enough to give rise to an observable chemical shift at 36.4 MHz, or (2) Kinks do not exist in nucleosomes. If DNA kinks are subsequently found in nucleosomes, the P NMR findings will imply that the bonding geometry of the atoms around phosphorous is not substantially altered at the kink.
The short T. relaxation times and large P \H\ NOE * n nucleosomes and purified DNA reveal the presence of fast internal motion within the DNA -9 -10 double helix, with a correlation time between 10 and 10 sec. A similar result was reported by Akasaka who assumed that relaxation arises solely from dipole-dipole interactions; we confirmed that this assumption is essentially correct for DNA by measurement of the nuclear Overhauser enhancement. A model calculation showed that the P relaxation rate and NQE are consistent with free rotation about the 0-P and P-0 bonds with a time constant of about 4 x 10 sec. However, since such motion is not allowed by double helix geometry, it will be necessary to search for more sophisticated dynamic models to explain the NMR results. It should be emphasized that whatever the motion is, it appears to be little affected by packaging DNA in nucleosomes.
